We report the measurement of the φ(1020) meson production via the leptonic decay channel in Au+Au collisions at √ s N N = 200 GeV from the STAR (Solenoidal Tracker at RHIC) experiment. The transverse momentum (pT) spectrum is measured for 0.1 ≤ pT ≤ 2.5 GeV/c at mid-rapidity (|y| ≤ 1) with a similar detector setup of corresponding measurements via the hadronic decay channel. We obtain the pT-integrated φ(1020) mass M φ = 1017.7 ± 0.8(stat.) ± 0.9(sys.) MeV/c 2 and width Γ φ = 8.0 ± 2.5(stat.) ± 2.3(sys.) MeV/c 2 , which are within 1.5 σ and 1.1 σ of the vacuum values, respectively. No significant difference is observed in the reconstructed φ(1020) pT spectrum, dN/dy, or pT between the leptonic and hadronic decay channels. The experimental results are compared to a theoretical model including the medium-modified φ(1020).
PACS numbers: 25.75.-q, 25 .75.Dw, 11.30.Rd, 13.20.-v Experiments at Relativistic Heavy Ion Collider (RHIC) have found a lot of evidence for the deconfinement phase transition and formation of Quark-Gluon Plasma (QGP) [1] . The chiral symmetry, which is spontaneously broken in vacuum, is predicted to be restored in a similar energy density range as the deconfinement phase transition [2] . The high energy density and temperature achieved in relativistic heavy ion collisions provide a unique environment to study the chiral phase transition, which is of crucial importance in the standard model. Since a (partially) chirally restored medium is not directly measurable, properties of resonance particles, which are excitations of the vacuum, are measured to study chiral symmetry restoration in hot and dense matter. In general, resonance particles are useful probes to investigate medium effects due to chiral symmetry restoration because they can decay inside the medium due to their short lifetimes (∼fm/c). Among resonances, the φ(1020) meson has several attractive features which can be used to study the phase transitions. The φ(1020) meson, which is an ss bound state, is an ideal probe for strangeness production [3] . As a vector meson, it can decay not only into kaons, but also into dileptons via a virtual photon state. Because final hadronic interactions are absent in the dilepton channel, we can observe all the decayed φ(1020) particles throughout the whole evolution of the collision. The mass, width, and branching ratios of φ(1020) are predicted to be modified in a nuclear medium [4] [5] [6] [7] . Previous studies of cold nuclear matter effects on φ(1020) decays reported change of width from the vacuum value of 4 MeV [8] to 30-60 MeV in the hadronic medium [9, 10] , which is not observed in the measurement of φ(1020) → K + K − channel in d+Au collisions (sensitive to cold nuclear matter) from the STAR experiment [11] . Since the mass of φ(1020) is just above the mass of two kaons, a decrease in the φ(1020) mass may lead to a change in the relative production rates of φ(1020) → e + e − and φ(1020) → K + K − due to phase space limitations in the hadronic channel. Even though the lifetime of φ(1020) in vacuum (44 fm/c [8] ) is longer than the estimated lifetime of the QGP (4-10 fm/c [12] ), interactions in the medium may lead to width broadening, effectively shortening the lifetime.
In this Letter, we report the measurement of φ(1020) production via the dielectron decay channel in Au+Au collisions at √ s N N = 200 GeV with the STAR experiment [13] at RHIC. The detector subsystems used in this analysis are the Time Projection Chamber (TPC) [14] and Time-Of-Flight (TOF) [15] . Events are selected with collision vertex positions along the beam axis V z within ± 30 cm of the center of the TPC, and within 2 cm transverse of the beam axis to exclude collisions in the beam pipe. To suppress backgrounds from multiple overlapping events in the TPC and ensure that the TOF start time is calculated for the triggered collision, the Vertex Position Detector (VPD) [16] , which provides the TOF start time, is used to select events for which |V z,V P D − V z,T P C | < 3 cm. After an additional selection of the 0-80% most central events based on the multiplicity of charged particles at mid-rapidity [17] , about 250 million events are analyzed in this study. In order to reduce the contamination by daughter particles from weak decays (which typically have a decay length of several cm) and the e ± tracks from γ conversions at the beam pipe, we require the distance of closest approach to the primary collision vertex of tracks to be less than 1.1 cm. Tracks are required to have at least 22 points in the TPC. The ratio of the measured to the number of possible points in the TPC (which is at most 45 points) must be greater than 0.52 to avoid split tracks. The transverse momentum p T of the tracks has to be larger than 0.18 GeV/c to reach the TOF detectors which are mounted outside of the TPC. The momentum of the electrons (including positrons if not specified) is required to be less than 2 GeV/c due to the large contamination by charged hadrons above 2 GeV/c. To achieve best separation of electrons from other particle species, the velocity measurement β from the TOF and the ionization energy loss (dE/dx) measurement from the TPC are used simultaneously. We apply particle identification (PID) cuts in two-dimension (2D) space: nσ(dE/dx) ≡ (X −µ X )/σ X with X = ln (dE/dx), which is a Gaussian distribution with mean µ X and sigma σ X , and ∆β
T OF , the deviation from electron expectation. First, we select electrons based on the distance from the mean of the electron distribution in the 2D space (the red ellipse in Fig. 1 ). In order to further suppress pion contamination, we apply an additional particle selection criteria based on the 2D probability [18] that a particle is an electron, which is defined as
where Pdf is a probability density function and θ i X,Y are parameter sets for particle i, which are obtained by fitting particle distributions in the 2D space. N i is the fraction of yield of particle i ( i N i = 1). The summation in the denominator includes only electrons and pions for simplification in this analysis. All Pdfs are Gaussian functions except the pion's ∆β −1 /β −1 distribution, for which the Student's t function [19] is used to better describe the tails of the distribution. In this analysis, a probability larger than 60% is required for a particle to be identified as an electron. The purity of the selected electrons is estimated to be about 95% in 0.18 GeV/c ≤ p T ≤ 2.0 GeV/c by studying distributions of all relevant particle species such as pions, kaons and protons.
The φ(1020) invariant mass is reconstructed from all identified electron-positron pair combinations in the same event (unlike-sign signal), shown as the black line in the inset of Fig. 2 . Since these pairs include uncorrelated pairs as well, the mixed-event technique [20, 21] is adopted to estimate the combinatorial background. The uncorrelated background is generated by forming pairs of electrons with positrons from 20 different events. In order to preserve the same event characteristics in the mixedevent technique, e + and e − pairs are selected only from the same event class, where event classes are defined in V z position and reaction plane angle [22] with ten bins each, and eight centrality bins. After normalizing the mixedevent background to the unlike-sign signal distribution in the invariant mass regions of 0.91-0.95 GeV/c 2 and 1.11-1.15 GeV/c 2 (orange areas in the inset of Fig. 2) , it is subtracted from the unlike-sign signal distribution to extract the φ(1020) signals. The resulting raw distribution for pairs with |y| ≤ 1 and p T = 0.1 − 2.5 GeV/c is shown in Fig. 2 as black points. The raw φ(1020) yield is the sum of the entries in each bin above the residual background fit for the range M φ − 30 < M ee < M φ + 30 MeV/c 2 (which typically accounts for 85% of the total yield) and the integral of the peak fit function outside that signal range. We obtain a signal significance (raw signal yield over statistical error of the signal yield) of 15.9. To measure the φ(1020) transverse momentum spectrum we divide the integrated signal into seven p T bins with a significance of about 6-7 in each p T bin.
The p T -spectrum is corrected for the TPC track reconstruction efficiency, the matching efficiency between TPC tracks and TOF hits, the detector acceptance, the track quality cut efficiency, and the PID cut efficiency. The track reconstruction efficiency and the TPC acceptance are obtained by embedding φ(1020) → e + + e − tracks from Monte Carlo simulation into real Au+Au collision data at the detector response level and reconstructing them along with real tracks, such that intrinsic detector resolutions and inefficiencies are taken into account. Along with the intrinsic resolutions from the simulation, we further smear the simulated electrons' momenta by σ pT = 0.51% p T based on studies of the invariant mass line shape of J/ψ. The systematic uncertainty due to the additional p T smearing is estimated as 0.2 MeV/c (2.5%) in φ(1020) width. A sample of electrons (identified via γ conversions with ∼89% purity reconstructed in the TPC) is used to estimate the product of the TOF matching efficiency and the acceptance. The PID cut efficiency is calculated directly from the two-dimensional probability distributions [18] . The simulated φ(1020) → e + e − invariant mass distributions are also used to study the detector resolution effects on mass and width. To extract mass and width from invariant mass signals we use a Voigt function [23] , which is a Breit-Wigner function convolved with a Gaussian function accounting for the detector resolution, defined as
where G(M ; M , σ) is a Gaussian function with mean M and sigma σ, and BW (M ; M 0 , Γ) is a non-relativistic Breit-Wigner function with mass M 0 and width Γ. The resolution parameter σ is fixed to a value of 8.1 MeV/c 2 , obtained using simulation incorporating the additional p T smearing. The additional p T smearing adds 0.04 MeV/c 2 and 1.16 MeV/c 2 to the extracted mass M 0 and detector resolution σ respectively in the simulation, where the width is fixed to the vacuum value [24] .
The systematic errors are estimated by considering uncertainties due to: (1) small mismatches between the real and simulated track distributions which lead to uncertainties in the track reconstruction efficiency, (2) the PID selection criteria, (3) the TOF matching efficiency, and (4) slight variations due to the choice of the signal extraction method, such as the fit functions for the signal (non-relativistic & relativistic Breit-Wigner function), the residual background function (first & second order polynomials), and the normalization ranges for the mixed-event background. These systematic uncertainties on yields, masses, and widths are averaged over all p T bins and summarized in Tab. I. The p T -integrated φ(1020) invariant mass distribution and fit result are plotted in Fig. 2 The systematic uncertainties on the width from the simulation are included in those of the real data widths.
extract an upper limit of 13.6 MeV/c 2 on the width and a lower limit of 1015.7 MeV/c 2 on the mass with a 95% confidence level. Figure 3 shows the fit results of the mass and width of the φ(1020) in each p T bin from data. The measured mass in data deviates at most by 1.4 σ and 1.6 σ for p T = 1.6 − 2 GeV/c and 2 − 2.5 GeV/c respectively from the simulation, which exhibits the expected vacuum values in the detector. The largest width deviations from the simulation values are 1.6 σ and 2.1 σ for p T = 0.4−0.7 GeV/c and 1.6 − 2 GeV/c respectively. Most deviations are less than 2 σ, but the data masses are generally low and the widths systematically high. We do not observe any p T dependence for mass and width within their errors.
The corrected φ(1020) → e + e − invariant yields at rapidity |y| ≤ 1 for the 0-80% most central Au + Au collisions at √ s N N = 200 GeV are presented in Fig. 4 along with STAR measured φ(1020) → K + K − results [11] and m T -exponential fits [11] . Both spectra are divided by the corresponding branching ratios to facilitate comparison. The φ(1020) yield per unit rapidity dN/dy is calculated by counting signals within the measured transverse momentum range and integrating the m T -exponential fit function for the rest. The mean transverse momentum p T is obtained in the same way. The contributions from the unmeasured p T regions, estimated via the extrapolation of the fitted function, are 3.7% and 8.3% for dN/dy and p T , respectively. We obtain dN/dy = 2.91 ± 0. panel of Fig. 4 , the relative differences between the two spectra, (N ee − N KK )/N KK , are shown. The N KK are calculated by integrating the fit function to the hadronic decay channel result (dashed line) in each p T bin. The φ(1020) measurements in the dielectron decay channel deviate from the previously published hadronic decay results by at most 1.4 σ (for p T = 1.6 − 2 GeV/c) if we take into account the 10% systematic uncertainty on the hadronic decay results. To better understand this result, we compare it with a model calculation [25] , which is based on an effective chiral hadronic Lagrangian with coupling constants determined from the hadronic vacuum properties. This model includes an in-medium φ spectral function with an expanding thermal fireball model [26] , and subsequent improvements are applied as in Ref. [27] . One of two components in the model is a "cocktail" contribution, which comes from the final state decays after the hadronic interactions stop (kinetic freeze-out), as most φ(1020)s live longer than the hadronic medium, and they decouple from it earlier (T φ kin ≈ 160 MeV) [28] than most nonmulti-strange hadrons do in the model. The other component is from φ(1020) decaying in a thermal medium (thermal radiation) with the modified φ(1020) spectral functions. Its broadening implies back reactions regenerating φ(1020)s in the heat bath due to detailed balance. In this model, only φ(1020)s decaying after hadronization are included. In principle, there can be an additional contribution from medium-modified φ(1020) decays in the QGP phase, if the φ(1020) bound state can exist at temperatures slightly above the critical temperature. For comparison, the STAR detector conditions (resolution, acceptance and efficiency) are applied to the model predictions. The p T spectrum for φ(1020) used in this model is derived from a blast wave model [29] . The resulting invariant mass shape from the model is shown in Fig. 5 . In the model calculation, the inmedium radiation component shows a mass shift (∼ 7 MeV/c 2 ) and width broadening (∼ 55 MeV/c 2 ). Although the yield from this component, which is fixed by the model calculation, is only 10.1% of the total yield and the total invariant mass shape gives χ 2 /ndf of 1.40, the measured invariant mass shape of φ(1020) suggests a 29 ± 15% medium contribution by using fraction of medium-modified contribution as a free fit parameter with better χ 2 /ndf = 1.34. In summary, we have presented the first detailed measurements of φ(1020) production, mass, and width in the dielectron decay channel at mid-rapidity (|y| ≤ 1) in minimum bias Au+Au collisions at √ s N N = 200 GeV. The observed invariant mass shapes of φ(1020) are consistent with vacuum φ(1020) mass within 1.5 σ and width within 1.1 σ with no significant p T dependence to them. This contrasts with the p T dependence seen in cold nuclear matter, where the width changes from 30 MeV/c 2 to 60 MeV/c 2 between p T = 0.5 and 1.5 GeV/c [9, 10] . No significant difference is observed in the reconstructed φ(1020) p T spectrum, dN/dy, or p T between the leptonic and hadronic decay channels. The measured invariant mass distribution is compared to a model calculation including a 10% contribution from early mediummodified φ(1020) and 90% from late decays in the vacuum. We find that our experimental data demonstrate modest sensitivity to a medium-modified φ(1020) component, but insufficient to observe definitively the small integrated effects predicted by this model.
